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ABSTRACT 
 
Bisphenol A (BPA) is a common chemical intermediate associated with adverse 
reproductive effects, cancer, and other human health disorders. Despite these risks, BPA 
continues to be employed worldwide towards the production of various plastics, resulting 
in widespread exposure. Recent regulations have restricted the use of BPA somewhat; 
however, these limitations may not be sufficient to mitigate its detrimental effects. Thus, 
development of a novel BPA sensor capable of rapid detection in complex biological 
media is paramount to adequately understand and preclude the dangers associated with 
BPA use. 
To develop such a device, DNA aptamer probes were anchored onto a glass 
substrate via silanization. As a proof-of-concept, these probes were specific for a model 
DNA target. To achieve detection, the device was first loaded with a fluorescently-labelled 
version of the DNA target. This modified target could then be competitively displaced 
upon exposure to the native (label-free) target, which was expected to result in a loss of 
fluorescence corresponding to the amount of native target. 
Initial results revealed that a reproducible surface for probe attachment could be 
achieved after 15 minutes of silanization. Probe immobilization was characterized via 
ellipsometry, XPS, and UV/Vis studies. These results were inconclusive; however, 
subsequent fluorescent target binding studies evinced reproducible binding in a 
quantitative manner. Moreover, minimal binding occurred in the absence of probe, 
implying a highly specific mechanism consistent with aptamer probe immobilization. 
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Thus, it is suspected that aptamer probes were reproducibly anchored onto the substrate 
via this method. A high concentration of reducing agent was paramount for such 
reproducibility, with appropriate use of blocking agents and wash buffers exerting control 
over sensor noise. 
Subsequent competitive binding studies demonstrated the feasibility of native 
target detection, with a loss of fluorescence correlated with increasing native target 
exposure. Nevertheless, such results lacked reproducibility and did not correlate well with 
previous fluorescent target binding data. As a result, key areas for future research include 
further characterization of the probe surface and optimization of the competitive binding 
process to enable reproducible, sensitive detection in complex media. 
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1. INTRODUCTION 
1.1 Motivation 
 Bisphenol A (BPA) is an endocrine-disrupting chemical utilized to manufacture 
consumer products worldwide, with billions of pounds produced annually.1,2 BPA is 
primarily employed as an intermediate for polycarbonate plastic or epoxy resin 
production; however, it may also be utilized directly for applications such as thermal print 
development. These materials are then converted into a variety of consumer products, 
including food storage and packaging, compact discs, dental sealants, and receipts.2-4 As 
a result, exposure to BPA is widespread, affecting over 90% of the US population.5,6 
 Despite its widespread use, BPA is a known reproductive toxicant. Substantial 
evidence has demonstrated deleterious effects of BPA exposure on ovarian processes in 
both women and animal models.7 Moreover, BPA exposure is associated with a plethora 
of other disorders, including cancer, cardiovascular disease, diabetes, and asthma.4,8,9 
These effects are particularly concerning regarding fetuses and neonates due to possible 
interference with normal development processes.3,10 
Several techniques are employed to monitor and evaluate the extent of BPA 
exposure. Of these, the most common are liquid or gas chromatography followed by mass 
spectrometry. Through the resulting data, many regulatory agencies have estimated the 
risks associated with BPA exposure and established safety thresholds accordingly. 
However, doses below these levels have been demonstrated to adversely affect human 
health, even at a sub-picogram per milliliter level.4,7 Furthermore, the extent of exposure 
varies widely between individuals, ranging from 0.1 to 50 ng/mL by urine analysis.6,11 
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One possible reason for this discrepancy between research and regulation is 
inadequate research methods. In particular, the most common technique for evaluating 
BPA exposure in animal models is direct administration to the stomach.2 However, this 
method fails to accurately model the continual, low doses typical of human exposure.7 
Similarly, most human studies rely on concentrations of BPA and its metabolites in urine 
to evaluate systemic levels; however, these measurements cannot adequately determine 
the amount of unmetabolized (i.e., fully active) BPA in the bloodstream.1,6 Moreover, 
levels of BPA in urine are often below the detection limit of conventional analytical 
instruments, thereby further complicating analysis.11 Thus, there is a growing need for 
continuous, sensitive BPA monitoring techniques compatible with complex media such as 
blood. 
 
1.2 Point-of-Care Sensors 
Recent trends in biosensor development have led to significant innovation in the 
design of point-of-care devices. Such devices are typically designed for implementation 
in “near-patient” settings, such as doctor’s offices. They may also be aimed at home use 
by patients, as in the case of some commercialized glucose monitors, or field use for 
applications such as environmental monitoring.12 To be suitable for such applications, 
point-of-care devices require several key features. First of all, such assays must be easy to 
use, requiring minimal to no sample preparation and directly providing simple readouts 
requiring negligible training to interpret. In doing so, point-of-care devices avoid typical 
laboratory measurements, which often require extensive sample preparation by trained 
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personnel. Similarly, these point-of-care devices must be capable of rapid 
measurements.12,13 This is again in contrast with current lab techniques, which commonly 
analyze samples over a period of days.14 Point-of-care assays must also be low cost and 
portable, unlike their counterparts in laboratory settings. At the same time, point-of-care 
devices must maintain comparable sensitivity and reliability to traditional methods in 
order to yield accurate, reproducible results.12,13  
Though the exact guidelines of what constitutes a point-of-care device vary, there 
are some general heuristics that define the limits for certain aspects of their design. For 
example, the speed of measurement (from introduction of the sample to “answer”) should 
be sufficiently rapid to yield results in under an hour. In addition, the cost per use of the 
device, including consumables, should be less than $10. Likewise, the overall capital cost 
of the device should be less than $2000.15  
The most common point-of-care devices used in commercial applications today 
are lateral flow assays.12 These devices operate using simple fluid flows to capture target 
analytes and deliver qualitative results. They are cheap and easy to use; however, they 
suffer from low sensitivity. Thus, they are limited to applications in which the analyte is 
present in high concentrations and no sample preparation is required. In addition, the 
results given by such devices are typically in the form of a qualitative “yes/no” answer; 
more sophisticated measurements are difficult to achieve.15  
Commonly, these lateral flow assays employ antibodies as a means to recognize 
the target analyte.12 While suitable for many applications due to their high specificity, 
antibodies suffer from many drawbacks. In particular, they have limited thermal stability 
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and must be produced through biological means.4,16 Moreover, antibodies designed for 
BPA detection are subject to considerable cross-reactivity with BPA analogues.17 Nucleic 
acid aptamers have demonstrated substantial advantages over these traditional recognition 
elements. For example, aptamer probes exhibit much greater thermal stability than 
antibodies and can be chemically synthesized. In addition, aptamers are also able to 
maintain comparably high levels of specificity relative to traditional antibodies.4,16,18 
Furthermore, Jo et al. recently developed aptamers with very high selectivity for BPA, 
even when challenged with various BPA analogues.19 
 
1.3 Point-of-Care Detection of BPA 
 There are numerous examples of point-of-care devices utilized for BPA detection 
in the literature. However, most of these sensors have demonstrated detection only in 
environmental samples such as tap water.4,20 For instance, Xue et al. generated an 
aptasensor utilizing competitive binding at a gold electrode. This sensor was preloaded 
with DNA modified by a methylene blue redox tag to enhance the electrochemical 
signal. Upon exposure to BPA, this DNA target was displaced, resulting in a 
quantitatively decreased redox current. This mechanism enabled detection of 0.284 
pg/mL of BPA in diluted tap water.17 
 Similarly, Chung et al. described a core/shell nanoparticle functionalized for 
BPA detection via competitive binding. In this case, Cy3-labeled probe DNA was 
preloaded onto complementary strands anchored to the gold surface. Introduction of 
BPA to this system displaced the aptamer probes from the surface, leading to a 
 5 
 
quantitative loss of Raman signal. The limit of detection for this system was 10 fM in tap 
water.21 
 In contrast, Zhu et al. recently evinced an aptasensor capable of detection in 
fairly complex biological media. To do so, they employed a nanoporous gold film 
electrode functionalized with aptamer probes for electrochemical detection of BPA. This 
electrode directly detected BPA via its redox properties, with increasing BPA 
concentration leading to an increase in peak current. When evaluated using five-fold 
diluted serum, the lowest detected concentration was 0.5 nM BPA.20 This study 
demonstrates the feasibility of BPA detection in complex media. Nevertheless, each 
dilution effectively lowers the concentration of BPA in the sample and ultimately limits 
the sensitivity of the device.22 Thus, there is a continued need for detection of BPA in 
complex media with minimal dilution in order to achieve maximal sensitivity.  
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2. SURFACE FUNCTIONALIZATION 
2.1 Silanization of Glass Substrates 
For most biosensing applications, aptamers must immobilized on a solid substrate. 
Many such substrates are described in the literature, including glass, gold, and various 
polymeric matrices.23 Of these, glass is cheap and widely available; however, in its native 
state, glass is relatively inert towards chemical modification.18 Thus, immobilization of 
aptamer probes on glass must first begin with introduction of more reactive moieties on 
the surface.  
To do so, glass surfaces are first cleaned using various chemical or plasma-based 
etching schemes.24,25 These techniques remove contaminants, such as organic residues, 
and generate reactive hydroxyl moieties on the surface.26 Generally, silanes are then 
employed to convert these hydroxyls into other functionalities with higher reactivity, such 
as amines or thiols. This process, known as silanization, is commonly performed by 
exposing a surface to silanes dissolved in a strong organic solvent such as toluene or 
acetone. Silanization must be carefully controlled to form a robust, reproducible surface. 
In particular, water acts as a key reagent for both the attachment and oligomerization of 
most silanes; thus, humidity control is imperative when generating a surface suitable for 
further functionalization. Such control is generally achieved by working in an inert 
nitrogen atmosphere.24 Nevertheless, solution-phase silanization remains prone to 
multilayer island formation, particularly at lengthy incubation times.25,27-29 Alternatively, 
silanization may also be carried out in the vapor phase (similar to chemical vapor 
deposition methods). Doing so generates more robust films approaching an ideal 
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monolayer; however, the vapor phase method also necessitates specialized and costly 
equipment (e.g., vacuum systems).24,25 
 
2.2 Probe Attachment 
Given the variety of substrates available, there are likewise many routes for 
subsequent aptamer attachment. The simplest method to do so is physisorption; however, 
physisorbed layers generally suffer from poor stability. Thus, most biosensors employ 
covalent linkages to attach aptamer probes in a more robust manner.30 To this end, there 
are a variety of functional moieties that can be appended to aptamers. Of these 
modifications, amine and thiol terminal groups are both commercially available and 
frequently employed in the literature.31 Such groups form covalent bonds via reactions 
with myriad other functionalities, including NHS esters and maleimides, respectively.32 
Importantly, the use of thiol moieties necessitates the addition of a reducing agent to 
promote probe reactivity. Although several such agents are available, most must be 
removed before subsequent chemistry can be performed. In contrast, tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) does not interfere with most subsequent 
functionalization steps; thus, it is often utilized as a convenient means to maintain thiolated 
aptamers in a reduced state throughout the sensor functionalization process.18,33 
The detection capabilities of immobilized aptamer probes depends strongly on 
their surface density.31,34 At low densities, anchored DNA adopts a “mushroom” 
conformation and may adsorb onto the surface.34 This phenomenon is exacerbated by high 
affinity interactions between the probe and substrate, as would occur with positively-
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charged substrates or gold. In either case, binding capacity is limited due to the low 
number of probes and unfavorable conformations.31,34 At intermediate densities, aptamers 
instead enter a “crossover” conformation. In this case, probes are close enough to each 
other to promote conformations favoring target binding. As a result, the surface binding 
capacity increases substantially. At excessively high densities, however, DNA forms a 
“brush-like” structure, with chains extended to minimize steric hindrance.34 This 
formation drastically reduces the surface binding capacity, especially for long target DNA 
strands.31,34,35 
There are two primary means to control the surface density of aptamer probes. The 
most straightforward method is to vary the initial concentration of probe. Alternatively, 
the ionic strength of the immobilization buffer may utilized to modulate the charge-charge 
repulsion between neighboring DNA aptamers. In this case, increasing ionic strength 
mitigates the effects of repulsion, enabling immobilization of probes at higher densities 
than would occur at lower strengths.31,34 Additionally, aptamer surface density may be 
affected by the underlying surface structure. For example, Shircliff et al. demonstrated 
that changes in the silanization process can drastically alter the number of exposed 
functional moieties, thereby modulating probe immobilization and subsequent density.27 
Commercial aptamers may also include various spacer units such as 
oligo(thymine), oligo(ethylene glycol), or various alkyl chains.31 These spacers improve 
the detection capabilities of sensors by minimizing steric hindrance of aptamers with the 
surface and each other. Spacers may also abate nonspecific binding (Section 3).34 
Similarly, although aptamer probes may be directly immobilized onto certain surfaces, it 
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is quite common to anchor aptamers by using bifunctional linker molecules. Doing so 
again ameliorates sensor performance by diminishing steric hindrance and inhibiting 
nonspecific binding.18 
To enhance the throughput of sensing measurements, aptamer probes are 
commonly patterned onto surfaces so as to allow parallel experiments on the same device. 
A simple method for doing so is to attach modules that divide the slide into multiple 
wells.36 Alternatively, high-density DNA microarrays may be formed using techniques 
such as automated microjet printing. These microarrays exhibit drastic improvements in 
throughput and reduce human error; however, they also require additional equipment to 
produce and can complicate subsequent analysis.37,38 
 
2.3 Probe Characterization 
There are several methods available to characterize the immobilization of aptamer 
probes on surfaces. Of these, fluorescence and radiometry techniques are the most 
common.27 Fluorescent methods are relatively straightforward and simple to measure with 
fluorescent scanners.39 For example, Walter et al. utilized a Sybr Green II stain to 
fluorescently label aptamers attached to a surface, allowing quantification of relative 
surface density.35 Likewise, Elhadj et al. utilized commercially available Cy5-labelled 
DNA probes to similar effect.40 However, parameters such as quantum yield and the 
labelling process may affect fluorescent signals, complicating subsequent quantification 
of data.39 Moreover, only relative measurements may be obtained in this manner. In 
contrast, radiolabeling of DNA by 32P yields absolute measurements of the DNA 
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concentration by analysis with liquid scintillation counters.27 However, its use is 
associated with significant radiation hazards.41 
An alternative to these methods is ellipsometry. This method utilizes optical 
measurements to detect changes in the refractive index of a material, as would occur 
upon binding of additional material. These variations in index are then translated into 
film thicknesses through optical models. For example, Elhadj et al. developed a Lorentz 
model for quantification of DNA binding on silicon wafers.40 However, such 
quantification is highly dependent on the particular optical model.42 In addition, 
differentiation between separate layers requires sufficient optical contrast (i.e., 
difference in refractive index), rendering this method inappropriate for certain systems.28 
Another technique for surface characterization of immobilized probes is x-ray 
photoelectron spectroscopy (XPS). XPS provides quantitative data on the elemental 
composition of the first 2-10 nm of a surface with detection limits as low as nanograms 
per square centimeter.27,39 Evaluation of DNA probe coverage generally proceeds with 
selection of an element unique to the probe (i.e., not found within the substrate). For 
instance, several groups have obtained such data by evaluating phosphorus content.39,43 
In addition, Lee et al. evinced that such data correlated well with analogous data from 
traditional radiolabeling.39 However, XPS requires ultra-high vacuum conditions for 
operation.42 
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3. NONSPECIFIC ADSORPTION 
 Although sensitivity to a particular analyte is paramount to development of 
medically relevant biosensors, such sensitivity is often obscured by nonspecific adsorption 
of other particulates onto the sensor surface.22 This phenomenon occurs largely as a 
consequence of surface chemistry, which can facilitate a variety of interactions with the 
diverse components of the detection media. Once these interactions occur, they can 
generate false signals or obscure specific binding sites, preventing access of the analyte to 
the surface.44 Thus, nonspecific adsorption generally increases the background noise of a 
sensor, negatively impacting the signal-to-noise ratio and ultimately the limit of detection 
for target analyte.22,45 
 
3.1 Factors Affecting Nonspecific Adsorption 
 Nonspecific adsorption occurs for a variety of reasons dependent on the particular 
surface as well as the detection media. For example, defects in the initial substrate, 
including grain boundaries and surface roughness, can contribute to incomplete coverage 
by the sensing chemistry, leaving raw substrate or intermediate ligands exposed to the 
detection media. Since most substrates and many ligands are hydrophobic, this can greatly 
facilitate the adsorption of hydrophobic or amphipathic solutes onto the surface.44,45 
Likewise, if probe molecules only cover a portion of the sensor surface, intermediate 
ligands may remain exposed, again promoting nonspecific adsorption.44,46 
 Detection media also plays a key role in nonspecific binding. Many sensors exhibit 
excellent performance in buffer solutions; however, when exposed to complex media such 
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as blood serum or cell lysates, sensor performance is considerably compromised.47 This 
phenomenon occurs as a result of thousands of potential interferents present in such 
media.45 Of these interferents, proteins tend to be most problematic due to their high 
concentrations (60-80 g/L in human blood serum), amphiphilic nature, and metastable 
conformations.45,48,49 As amphiphiles, proteins display both hydrophilic and hydrophobic 
regions along their structures, enabling them to interact with a variety of surfaces. 
Additionally, proteins in blood assume a conformation in which only hydrophilic regions 
are in contact with the aqueous media; however, this state resides in a very shallow 
thermodynamic minimum of only a few kcal/mol. Thus, this native state is easily 
disrupted, enabling very high conformational mobility of proteins. The combination of 
amphiphilicity and metastability render proteins highly surface active.45 
 As a result of this high surface activity, proteins approaching a surface tend to 
unfold from their native conformations and adsorb onto the exposed surface. This is 
particularly true for hydrophobic surfaces, in which adsorption is thermodynamically 
favored due to the introduction of numerous hydrophobic interactions. Regardless of 
hydrophobicity, however, most surfaces are vulnerable to protein adsorption due to protein 
transport effects. Since proteins generally diffuse slowly, those that approach a surface 
have substantial time in which to assume a new conformational state dictated by said 
surface. These shifts, promoted by the release of solvating water molecules and subsequent 
increase in entropy, can facilitate time-dependent adsorption on surfaces that is largely 
independent of the surface chemistry. Furthermore, any protein adsorption that occurs 
tends to be highly irreversible, even if only through physical means.45 
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 To counter this phenomenon, the general strategy prevalent throughout the 
literature has been to increase surface hydrophilicity through the use of blocking agents 
and hydrophilic polymers.46,49,50 Doing so can reduce the surface energy of the sensor in 
aqueous media, thereby decreasing the driving force (i.e., change in Gibbs free energy) 
for solute adsorption. This has been demonstrated empirically, as increasing hydrophilicity 
is generally correlated with decreased nonspecific binding.45  
 
3.2 Blocking Agents 
 One of the most prevalent means of decreasing nonspecific adsorption has been 
the use of blocking agents. This is particularly true of various immunoblotting techniques, 
including Western blots and ELISA. Blocking agents are designed to occupy vacant sites 
on the surface with molecules that do not interfere with probe specific binding 
mechanisms. However, due to the complexity of sensing chemistries and a dearth of 
understanding regarding agent adsorption, appropriate blocking agents for a given system 
must be determined empirically.51 
 Ideally, blocking agents should be inert towards most components of the system. 
Namely, they should not promote binding of any interferents present in the detection 
media nor impede probe-target interactions.51,52 For instance, blocking agents should be 
chosen such that their size does not conceal the probe from the analyte.52 In addition, 
blocking agents should have sufficient diversity of surface properties to block any moiety 
of the substrate that could potentially host nonspecific adsorbates.51 
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Although blocking agents can be highly effective in reducing background noise 
due to nonspecific interactions, they also suffer from several drawbacks. For many 
protein-based agents, natural variability in source materials can negatively impact 
reliability and performance.51 In addition, blocking may be overly effective, producing 
false negatives by blocking target-probe interactions.52 It is also possible that blocking 
agents may become detached from the surface, form multilayers with proteins present in 
the detection media, or simply produce an intrinsic signal.44,53 In each of these cases, a 
false positive signal would be generated. 
 
Protein-Based Blocking Agents 
 Common blocking agents include proteins and non-ionic detergents. Protein 
agents have the advantage of permanently blocking vacant sites on the sensor surface; 
thus, they only need to be added to the surface once (generally after probe attachment). 
These agents may, however, be added again in subsequent steps to further reduce 
nonspecific binding. Additionally, protein blocking agents tend to provide added spacing 
and stability for probes.51 
 There are many examples of protein-based blocking agents throughout the 
literature. One of the most prevalent is bovine serum albumin (BSA). BSA is a globular 
protein with dimensions 140 x 40 x 40 Å3 that is negatively charged at neutral pH (pI 4.7). 
It is inexpensive and stable either dry at room temperature or in solution at 4° C. In 
addition, BSA does not interfere with most biochemical interactions, including DNA 
hybridization.51,54,55 Typically, a BSA solution with concentration of one to three percent 
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is employed to achieve optimal blocking of nonspecific interactions. BSA does, however, 
suffer from lot-to-lot variability related to fatty acid impurities.51 Also, as a single protein, 
BSA lacks the diversity to adequately block surfaces with highly varied surface 
moieties.51,56 
 An alternative to BSA is casein derived from non-fat dry milk. Like BSA, casein 
is negatively charged at neutral pH (pI 4.6). Unlike BSA, however, casein typically forms 
large, spherical micelle structures with calcium phosphate nanoparticles. These structures 
commonly approach 1000 Å in diameter. In addition, casein is generally insoluble in 
aqueous media, often necessitating the use of slightly alkaline buffers. Unfortunately, this 
issue can render casein solutions very viscous and difficult to remove from certain 
surfaces, marring sensor reproducibility.54 Despite these issues, casein is frequently 
employed as the primary blocking agent in DNA blots.51 
 Another example of a protein blocking agent is non-fat dry milk (NFDM). The 
proteins present in this mixture typically consist of approximately 80% casein (again 
incorporated into micelles) and 20% whey (with carbohydrate lactose). Since whey and 
carbohydrate lactose do not form larger structures as casein does, NFDM has a much more 
diverse size distribution than casein alone.54 In addition, NFDM is much more soluble in 
aqueous media than pure casein.51 Thus, it is widely applicable to many sensor systems. 
However, possible histone contaminants may interfere with assays designed to interact 
with DNA.51 
 A fourth blocking agent is normal whole sera. Sera are considered among the most 
effective blocking agents due to their extensive molecular diversity. Such diversity not 
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only blocks all manner of nonspecific interactions, but also maintains bioactivity of certain 
probe molecules. Thus, it is commonly recommended for applications encountering very 
difficult blocking issues. However, the use of sera may be limited by cross-reactivity with 
many protein-based probes (e.g., anti-IgG antibodies).51 
 
Detergent-Based Blocking Agents 
 An alternative class of blocking agents is detergents. Generally, non-ionic 
detergents are employed so as to provide sufficient blocking while precluding any 
deleterious interactions with various plastics. Unlike their protein-based counterparts, 
detergents serve as temporary blocking agents. They can be removed simply by washing 
the system; thus, they must be incorporated in all buffers in order to be effective. 
Detergents also often necessitate the use of high concentrations (above the critical micelle 
concentration) for sufficient blocking. Fortunately, such detergents are inexpensive. 
Additionally, they are stable in wash buffers for extended periods. Thus, they are often 
utilized during wash steps for blocking any areas of the sensor that may become exposed 
when other molecules are removed. Detergents are also effective at removing any 
molecules that may become physically trapped at the corners of a well or other barrier. 
For these reasons, detergents are often utilized in combination with protein blocking 
agents to provide complementary blocking capabilities. Tween 20 is the most common 
detergent utilized due to its wide applicability. Triton X-100 is also effective, but it is 
prone to disrupting desired specific interactions. Thus, its use should be limited to low 
concentrations.51 
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3.3 Capping Agents 
A similar method to the use of blocking agents is that of capping agents to passivate 
a functionalized surface. Such agents are designed to react with any residual functional 
moieties remaining after probe immobilization. In doing so, any additional surface 
reactions that could promote nonspecific adsorption can be minimized.46 Common 
examples of capping agents include ethanolamine, 2-(2-aminoethoxy)ethanol, and 
succinic anhydride. These agents may also introduce additional functionalities for probe 
immobilization or modify surface properties to support probe bioactivity.35,46 However, it 
is often difficult to inactivate all surface functional groups. Furthermore, the use of 
capping agents introduces an additional synthetic step, which in turn can lead to additional 
losses, inefficiencies, and side reactions.46 
 
3.4 Polymers 
 The other major method for reducing nonspecific adsorption is the use of 
polymers. Generally, these polymers are hydrophilic in nature.46 As a result, they form a 
hydration barrier in aqueous solution due to the presence of bound water molecules.47,57,58 
This barrier serves to minimize nonspecific adsorption due to the high enthalpy required 
to remove the attached water molecules.47 The aqueous barrier can also maintain the 
bioactivity of any attached probes.46 In addition, many polymers have very high 
conformational mobility.59 Such flexibility provides steric hindrance, thereby minimizing 
nonspecific adsorption via high conformational entropy.57,59 
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The degree to which hydration and flexibility affect nonspecific adsorption and 
bioactivity is determined in part by polymer length.46,47 Since prevention of nonspecific 
adsorption and support of probe function often counteract each other, there is generally 
some optimal length at which sufficient characteristics are achieved.46 Polymer density 
can likewise have a tremendous impact on sensor performance. In particular, if polymer 
density is low, the surface vacant sites may not be adequately protected from approaching 
interferents.45 
 
3.5 Polymerization Methods 
One key parameter for determining polymer density is the mode of polymer 
immobilization. Many biosensing platforms utilize preformed polymer chains that can be 
“grafted to” the surface of the sensor via some functional end group. These polymers then 
can form self-assembled monolayers (SAMs) on the surface, thereby shielding the 
underlying substrate from potential interferents.45 Such polymers are commonly added to 
the substrate along with a different polymer designed to allow facile probe immobilization, 
yielding a mixed SAM bearing both properties.60 For example, alkanethiols are often 
combined with low fouling poly(ethylene glycol) derivatives to counteract their inherent 
vulnerability towards nonspecific adsorption.58,60 Density of such SAMs can be controlled 
primarily by incubation time, with longer incubations increasing saturation of the surface. 
Increasing density of SAM polymers on the surface has been correlated with decreased 
nonspecific adsorption for the reasons discussed previously.44 However, there is a limit to 
the density that can be achieved using the “grafting to” method.46 When preformed 
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polymers are anchored to the surface, they generate significant steric hindrance that 
inhibits anchoring of any other polymers in their vicinity. Thus, sufficient protection from 
nonspecific adsorption in complex media with this method alone has yet to be realized.45 
To remedy these issues, recent research has instead focused on surface-initiated 
polymerization methods.46,61 In these techniques, polymer chains are “grafted from” the 
solution phase by immobilizing an initiator species onto the surface. This initiator species 
is then used to grow a polymer chain directly from the surface using monomers present in 
the solution. Since these monomers are much less bulky than a preformed polymer, they 
exhibit much less steric hindrance.45 As a result, polymer chains can grow much more 
densely than could be achieved via “grafting to” techniques.45,46 In fact, polymers can be 
grown so densely that they assume an extended polymer “brush” structure.45-47,58 These 
polymer brushes have demonstrated significantly improved resistance to nonspecific 
adsorption relative to polymers exhibiting the low-density “mushroom” architecture 
characteristic of other techniques.45,47,58 However, such polymerization systems often 
employ complicated synthetic procedures and require materials that are not commercially 
available.45,62 
 
3.6 Wash Steps 
Nonspecific adsorption can also be affected drastically by the wash procedure 
employed to remove adsorbates.38,45 Although such washes are simple in principle, they 
often act as significant sources of variability. There are many parameters related to 
washing that must be optimized in order to provide reliable results. In particular, the 
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choice of wash buffer can have a tremendous impact on the amount of adsorbates 
remaining on the sensor surface. Generally, such buffers should include a low 
concentration of non-ionic detergent (below its critical micelle concentration) so as to 
remove any physically trapped interferents while avoiding disruption of any desired 
specific interactions. The chosen buffer should also be physiologically compatible so as 
to maintain probe bioactivity. Delivery and removal of the wash buffer must also be 
optimized. Both should be gentle enough to prevent loss of specific interactions. 
Additionally, removal should not dry out the sensor surface, especially when employing 
protein-based probes. Rather, a consistent amount of residual liquid should remain on 
the sensor surface to increase reproducibility. To adequately remove any nonspecific 
adsorbates while leaving specific interactions intact, three to five wash steps are 
typically necessary. A final soak in the wash buffer can serve to remove most residual 
liquid, especially liquid trapped in the corners of wells and other features.63  
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4. METHODS 
 Given the need for a versatile sensing surface for BPA detection, DNA aptamer 
probes were immobilized on glass substrates. To ascertain the reliability and accuracy of 
such sensors, a proof-of-concept design was employed with probes specific for a model 
DNA target. Detection was achieved through competitive binding, in which preloaded 
fluorescently-labeled targets were displaced upon exposure to the native (label-free) 
target (Figure 1). Surface characterization and evaluation of sensor performance were 
conducted using a variety of techniques, including XPS, ellipsometry, UV/Vis 
measurements, and fluorescent imaging. 
 
 
 
Figure 1. Immobilization of aptamer probes onto glass enables capture of fluorescent 
DNA targets. Subsequent exposure to label-free target leads to a loss of fluorescence 
due to competitive binding. 
 
 
4.1 Materials 
 Potassium phosphate monobasic, sodium hydroxide, and methanol were purchased 
from Fisher Scientific. Sodium phosphate dibasic, sodium phosphate monobasic, 
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hydrochloric acid (37%), bovine serum albumin (BSA), sodium citrate, silicon wafers, and 
molecular sieves (3 Å beads, 8-12 mesh) were purchased from Sigma-Aldrich. Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), magnesium chloride, and sodium dodecyl 
sulfate (SDS) were purchased from Amresco. Sodium chloride, 
ethylenediaminetetraacetic acid (EDTA, 0.05 M), and dimethylsulfoxide (DMSO) were 
purchased from BDH. Tween 20 and concentrated sulfuric acid were purchased from 
Acros Organics. Toluene, (3-aminopropyl)trimethoxysilane (APTMS, 97%), and (3-
acryloyloxypropyl)trimethoxysilane (AcPTMS, 95%) were purchased from Alfa Aesar. 
Research-grade skim milk powder (i.e., non-fat dry milk) and casein were purchased from 
MP. Maleimide-PEG2-succinimidyl ester (SM(PEG)2) was purchased from Quanta 
Biodesign. PEG5000-silane was purchased from Creative PEGworks. HPLC-purified DNA 
probes and targets were purchased from IDT and Eurofins (Appendix A.2). Slide modules 
and gaskets were purchased from Grace Bio. Desi-Vac storage boxes were purchased from 
VWR. 
 Fluorescent images were obtained using an Axon Instruments GenePix Personal 
4100A microarray scanner. A J.A. Woollam Alpha-SE ellipsometer with CompleteEASE 
software was employed for ellipsometry measurements. XPS measurements were 
acquired via an Omicron XPS/UPS system with Argus detector. Microplate UV/Vis 
readings were obtained using a Tecan Infinite M200 Pro and a Tecan Nanoquant plate. 
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4.2 Silanization 
Slides were cleaned and activated using a two-step process adapted from Cras et 
al.26 To do so, two slides were submerged in freshly prepared 1:1 (v/v) 
methanol/hydrochloric acid solution for thirty minutes. Afterwards, these slides were 
rinsed with approximately 40 mL of water and dried using a stream of nitrogen. This 
rinsing process was repeated again if schlieren lines were still present on the surface after 
drying. Next, slides were placed in concentrated sulfuric acid for thirty minutes. The 
sulfuric acid supernatant was subsequently removed and each slide was rinsed with 
approximately 40 mL of water. However, residues frequently remained on the surface after 
this wash; thus, a second wash utilizing approximately 40 mL of water was conducted for 
most slides. This wash was again followed by drying with nitrogen. 
Once the slides had been cleaned, they were silanized in a manner similar to that 
employed by Zhou et al.64 To begin, a nitrogen glovebag was connected to the nitrogen 
line and purged for several minutes. Meanwhile, a silanization solution consisting of 0.1% 
(v/v) APTMS in toluene was prepared and stirred for two minutes to promote optimal 
mixing. This solution also contained 0.1% (v/v) AcPTMS for preliminary silanization 
studies or 10:1 mol PEG5000-silane/mol APTMS for PEG blocking studies. Slides were 
then immediately exposed to this solution and placed inside the glovebag. The glovebag 
was subsequently sealed for either 15, 30, 60, or 300 minutes with no additional nitrogen 
influx. After this incubation period, slides were removed, then promptly rinsed with fresh 
toluene and again dried with nitrogen. For preliminary optimization studies, these slides 
were subsequently heated in an oven at approximately 100 °C for two hours before 
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storage. In most other experiments, they were instead directly stored in plastic Petri dishes, 
sealed with Parafilm, and placed in a vacuum box for two days. 
 
4.3 Aptamer Probe Immobilization 
 Once silanization was complete, aptamer probes were immobilized onto the glass 
surface (Figure 2). In most studies, 16-well slide modules were attached onto the silanized 
slides. The remainder of the procedure varied considerably depending on the particular 
experimental conditions being evaluated. For most slides, each well was exposed to 75 μL 
of 10 mM SM(PEG)2 in PBS+ (PBS, 5 mM MgCl2, 1% (v/v) Tween 20; Appendix A.1). 
Negative control wells were filled with PBS+ alone. These slides were then covered with 
Parafilm and placed in Petri dishes humidified via wet paper towels and sealed with 
Parafilm. The slides were then shaken on a rocker at a 15° tilt angle for one hour. 
 
 
 
Figure 2. Immobilization of aptamer probes onto a glass surface prepared through 
silanization and exposure to a bifunctional linker. Aptamers not to scale. 
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 During this time, the working probe solution was freshly prepared. For high TCEP 
variants, a 40 mM solution of TCEP in PBS+ was freshly prepared. Otherwise, stock 10 
mM TCEP neutralized with sodium hydroxide was utilized. In both cases, aptamer probe 
was diluted in PBS+ and heated to 85-90 °C for 150 seconds. After cooling for 
approximately five minutes, TCEP solution was added to the probe solution such that the 
final concentration of TCEP was 10 mM or 100 μM, respectively. The final probe 
concentration for most experiments was 1 μM. This probe solution was then incubated for 
thirty minutes to ensure sufficient reduction of the thiol moieties. 
 Once the slides had been exposed to SM(PEG)2 linker for an hour, supernatants 
from each well were removed and discarded using a multichannel pipette. These wells 
were then washed with 112.6 μL of ultrapure water per well by pipetting back and forth 
ten times. Afterwards, supernatants were again discarded and the wells were dried with 
nitrogen. Next, wells were exposed to the working probe solution for two hours and placed 
on the rocker as before. In the case of negative controls, probe solution was again 
substituted for PBS+. Subsequent washing and drying proceeded as with the SM(PEG)2 
incubation except that 10-20 μL of each supernatant was stored when necessary for 
UV/Vis measurements. 
 After immobilizing aptamer probes on the surface, nonspecific interactions were 
inhibited using blocking agents such as non-fat dry milk, bovine serum albumin, and 
casein. These blocking agents were freshly prepared at certain concentrations in order to 
evaluate their effectiveness (Table 1). In each case, the chosen blocking agent was added 
to the slide wells and allowed to incubate for two hours on the rocker. Following this 
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incubation, slides were rinsed as before (without drying). Up to 50 μL of water was then 
added to each well and paper towels were rewetted to reduce evaporation during overnight 
storage in the vacuum box. 
 
 
Table 1. Blocking agent type and evaluated concentrations. 
 
Blocking Agent Concentration (mg/mL H2O) 
Milk 100 
  10 
  1 
BSA 20 
  2 
  0.2 
Casein 20 
PEG5000-silane + BSA 
10:1 mol PEG/mol APTMS 
+ 20 mg BSA/mL H2O 
 
Table 2. Wash buffer composition, order, and incubation time. 
 
Wash Composition Time (min) 
I 2x SSC, 0.2% SDS, 42 °C 5-10 
II 1x SSC 5-10 
III, IV 0.2x SSC 2 
 
 
4.4 Fluorescent Preloading and Detection of Native Target 
 The following day, Cy5-DNA solutions were freshly prepared by dilution with 6x 
SSPE. These solutions were covered with aluminum foil until use to minimize 
photobleaching. Next, each well was rinsed (without drying) as before. Afterwards, slides 
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were exposed to Cy5-DNA at various concentrations, with PBS+ or 6x SSPE serving as 
negative controls. Fresh paper towels were put into place and the Petri dishes were covered 
with aluminum foil to prevent photobleaching before placing the slides on the rocker for 
two hours.  
 Meanwhile, various wash buffers were prepared according to Table 2.65 Once the 
Cy5-DNA incubation was complete, supernatants were discarded as before. The slides 
were then washed using water (for preliminary studies) or 75-100 μL of each wash and 
placed on an orbital shaker. After all washes were complete, slides were either exposed to 
native DNA target or dried and stored in the vacuum box for subsequent fluorescence 
measurements. 
 Detection of native DNA target proceeded similarly to initial preloading with Cy5-
DNA. In this case, preloaded slides were exposed to various concentrations of native target 
immediately following the previous rinse steps. PBS+ and 6x SSPE were again utilized 
for negative controls. This incubation proceeded on the rocker for either two hours or 
overnight. Following this period, wash buffers were prepared as for the preloading step 
and utilized as before. Slides were then dried and stored in the vacuum box for subsequent 
fluorescence measurements. 
 
4.5 Slide Characterization 
Fluorescent Imaging 
 To obtain fluorescence data, slides were imaged using a GenePix microarray 
scanner with an excitation wavelength of 635 nm. Photomultiplier tube (PMT) gains were 
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varied based on initial preview scans in the Cy5 channel; generally, these ranged from 
400-700. Contrast and brightness were adjusted using the native scanner software (Acuity) 
as well as ImageJ to improve image visibility without affecting underlying data. ImageJ 
was then utilized to quantify data from each well. These data were further analyzed using 
Microsoft Excel (Appendix A.3). 
 
Verifying Probe Immobilization 
 Several techniques were employed to evaluate probe anchoring to the surface. For 
example, aptamer probes modified with Cy5 were anchored onto the glass surface instead 
of their non-fluorescent counterparts. These Cy5 probes were protected from 
photobleaching by covering slides with aluminum foil during incubation. Slides modified 
in this manner were subsequently stored in a vacuum box and imaged using a fluorescent 
microarray scanner as before.  
In addition, ellipsometry was utilized to determine the thickness of the probe layer 
on the surface. However, because this probe layer has very similar optical properties 
compared to the underlying glass substrate, initial results were inconclusive. Thus, silicon 
wafers were employed as an alternative substrate capable of providing sufficient optical 
contrast for reliable measurements. Since silicon shares very similar surface chemistry 
with glass, silanization and subsequent functionalization proceeded as with previously 
described methods.28,43 Despite these similarities, however, 16-well slide modules would 
not adhere to the silicon surface following silanization; thus, wafers were divided into 
small pieces. After silanization, these slides were functionalized in a humidified 16-well 
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plate. These silicon wafers were then analyzed using a J.A. Woollam ellipsometer from 
382 to 893 nm immediately before probe immobilization and after the subsequent probe 
incubation, washing, and drying steps.  
XPS was likewise employed to determine the phosphorous content (and thus 
aptamer probe content) on the glass surface. Due to size constraints of the sample chamber, 
slides were cut into small pieces and functionalized using a 16-well plate as with 
ellipsometry. Initial scans evinced that phosphorus intensity was too low to be detected 
via conventional settings; thus, the intensity was increased by utilizing a larger aperture 
and higher pass energy (up to 150 eV). However, such settings also precluded the use of 
high resolution scans to characterize specific bonds.66 
To troubleshoot aptamer immobilization, probe supernatants were analyzed using 
a 16-well Nanoquant plate designed for DNA quantification. To do so, 2 μL of each 
supernatant was spotted into the wells and scanned at 260 and 280 nm using a Tecan 
microplate reader. These results were compared to PBS+ blanks as well as aliquots of the 
remaining working probe solution.  
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5. RESULTS AND DISCUSSION 
5.1 Aptamer Immobilization 
Ellipsometry was utilized to tune the initial silanization process for this particular 
application. Silicon wafers were silanized for 15, 30, 60, or 300 minutes according to the 
protocol adapted from Zhou et al.64 Results from ellipsometry evinced that increasing the 
silanization time tended to increase both the thickness of the layers and the variation in 
these thicknesses (Figure 3). This trend was attributed to the formation of multilayer 
islands due to polycondensation of silanes, as evinced by the extreme variation in 300 
minute thicknesses (MSE>100, CV=9.55%). Thus, to achieve the most homogenous and 
reproducible surface for subsequent functionalization and sensing experiments, the 15 
minute silanization scheme (6.37 ± .0878 nm, MSE=3.37, CV=1.38%) was employed for 
future experiments. This scheme resulted in surfaces consisting of approximately 13 silane 
layers, assuming an ideal monolayer thickness of 5 Å.67 
This silanization process was further refined in subsequent preloading 
experiments. In particular, the acryloylsilane was removed, thereby increasing the loading 
capacity of the surface for amine groups. As expected, this increased density of amines 
improved surface functionalization as evinced in subsequent Cy5 target binding studies. 
The oven annealing step, despite its suggested importance in the literature, was likewise 
removed with minimal effect.64 Similar studies employing Piranha solution as an 
alternative cleaning method demonstrated negligible benefit. Thus, although Piranha is 
widely employed in the literature, the aforementioned acid washes were utilized instead 
to avoid safety issues associated with Piranha use.26 
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Figure 3. Optimization of silanization via ellipsometry. From left to right: Cleaned 
substrates, silanized, NHS-PEG-Mal, aptamer probe, DNA-Cy3. Note that some 
steps and reagents were not preserved in more recent procedures. 
 
 
Once silanization was optimized, several techniques for probe immobilization 
were evaluated. To begin, probe solution was added to slides by either filling the wells or 
spotting 1 μL of solution onto the surface (Figure 4). This spotting method conserved 
expensive probes and minimized accumulation of molecules at the well walls; however, it 
also prevented use of the rocker to provide convection for improved reaction kinetics. 
Moreover, smudging effects complicated subsequent quantitative analysis. In contrast, the 
filling method provided complete coverage of each well, ensuring higher probe exposure 
and consequently higher probe anchoring. This technique also allowed use of the rocker 
to provide convection, thereby promoting more uniform surface coverage and simplifying 
analysis. 
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Figure 4. A comparison of spotting (top) and whole-well (bottom) probe 
immobilization techniques after exposure to Cy5-target. Brightness and contrast 
were adjusted for clarity. Note that differences in intensity stem primarily from other 
experimental differences (e.g., Cy5-target concentration). 
 
 
A variety of methods were employed to characterize these probe-containing 
surfaces. The simplest of these was the preliminary immobilization of a Cy5-labeled 
version of the probe. Doing so evinced that probes could be anchored onto the surface; 
however, these initial data also demonstrated poor reproducibility with low signal. These 
results were substantiated by issues with downstream target binding studies. 
To further characterize these surfaces, ellipsometry was again employed. In this 
case, silicon wafers were divided into small pieces and functionalized individually. After 
scanning with the ellipsometer, data were fitted using both Cauchy and Lorentz models 
from the literature to determine the thicknesses of the SM(PEG)2 and DNA layers, 
respectively (Appendix A.4). These results indicated a decrease in thickness of 0.52 ± 
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0.027 nm (n≥3, MSE=16.0, CV=5.19%) occurred upon probe immobilization, thereby 
implying that probes were not anchoring onto the surface in sufficient amounts. The slight 
decrease in thickness could be attributed to hydrolysis of linker moieties or small portions 
of the underlying silane network due to prolonged exposure to aqueous solution.25,67  
XPS was then employed to confirm these results. To do so, glass slides were 
similarly cut into small pieces and functionalized individually in order to fit within the 
small sample chamber. Slides with probe were then expected to evince a peak due to the 
presence of phosphorus in the DNA backbone. Initial scans evinced that the surface 
concentration of phosphorus was quite low; thus, both pass energy and aperture size were 
increased to increase intensity at the cost of resolution. Upon doing so, a small but 
detectable amount of phosphorus was revealed. However, this concentration varied 
considerably, with no clear difference between slides with probe and control slides without 
probe (Table 3). Coupled with previous ellipsometry results, these data indicate that probe 
immobilization was very poor. In addition, the phosphorus detected on the surface likely 
represented residual ions from PBS+ buffer or TCEP. 
 
 
Table 3. XPS phosphorus content of low TCEP surfaces. 
 
Linker Probe % Phosphorus n 
10 mM 1 μM 0.549 1 
10 mM 10 μM 1.52 1 
- 1 μM 0.731 ± 0.447 2 
10 mM - 1.46 ± 0.329 2 
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To remedy these issues, the concentration of TCEP added to probe solution was 
increased 100-fold. Since TCEP is responsible for reducing probe dithiols into reactive 
thiol moieties, such an increase was expected to drastically increase the amount of probe 
anchored via surface maleimide groups. Doing so considerably improved subsequent Cy5-
target binding studies (Section 5.2); however, competitive binding studies still failed to 
achieve reproducibility (Section 5.3). 
These concerns demanded further characterization of the surface to determine the 
core problem. However, previous characterization by ellipsometry and XPS proved rather 
cumbersome. In particular, ellipsometry provided only an indirect measure of probe 
immobilization via thickness on a silicon wafer. Although these wafers share similar 
surface chemistries with glass slides, there may be subtle differences that this technique 
does not address. Moreover, ellipsometry results are highly dependent on interpretation 
through an optical model. To my knowledge, no such model exists for the exact system 
employed; thus, the model utilized is an approximation that may not properly account for 
the properties of the two layers. Similarly, XPS results necessitated substantial deviations 
from typical functionalization procedures to meet the size constraints of the sample 
chamber. In addition, such results may be obscured by residual buffer ions or TCEP on 
the surface. Thus, the only element truly unique to thiolated DNA probes in the overall 
procedure is sulfur, which is present in concentrations below the limit of detection of the 
instrument. 
In contrast to these methods, characterization via UV/Vis absorbance using a 
Nanoquant plate provides a simple, albeit indirect, means of determining probe 
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immobilization. Consequently, this technique was employed to characterize the surfaces 
exposed to high TCEP. Initial data indicated negligible difference (-1.13 ± 2.51%, n=16, 
p<0.5) between the probe supernatants and the original working probe solutions, again 
implying that probe anchoring was poor. Attempts to promote improved linker attachment 
via increased incubation time proved futile, yielding similarly high variability with little 
change in probe immobilization. These results were attributed to hydrolysis of the linker 
moieties upon prolonged exposure to aqueous solutions. To avoid any issues with 
silanization and linker anchoring, commercially available maleimide slides were 
employed. However, these results were again similar to initial results and evinced very 
poor probe attachment. 
Upon further analysis of these results, however, it would appear that the Nanoquant 
data is inconclusive. Such UV absorbance measurements are typically verified by the ratio 
of absorbances at 260 and 280 nm, with pure DNA expected to evince ratios between 1.8 
to 2.0.68 However, initial results demonstrated a ratio of 1.60 ± 0.057 (n=16, CV=3.59%, 
p<0.01), thereby indicating significant interference. Given that these measurements were 
blanked with pure PBS+, the only additional compound other than DNA should be TCEP, 
which is present in significantly higher amounts (10 mM). Although TCEP is generally 
not considered an interferent in UV/Vis measurements of DNA concentration due to its 
low absorbance at 260 and 280 nm, the comparatively high amount (10,000-fold higher 
molar concentration) likely contributed substantial absorbance to each measurement, 
preventing accurate measurement of probe immobilization via this method. Nevertheless, 
repeating the initial experiment with fresh SM(PEG)2 stock indicated no significant 
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difference between the expected and observed ratios (n=13, CV=10.1%, p<0.05). 
Consequently, characterization and quantification of the probe immobilization process 
remains a key area for future research. 
 
5.2 Fluorescent Target Preloading 
 To assess the capacity of sensor surfaces to capture fluorescent targets for sensor 
preloading, probe-functionalized glass slides were exposed to a Cy3-labeled DNA target 
complementary to the anchored probe. These initial data indicated strong fluorescence, 
even in the absence of probe. This nonspecific binding likely occurred via physisorption 
of the target DNA molecules during prolonged incubation.  
As a result, several blocking agents were evaluated to determine their ability to 
block nonspecific interactions without causing significant interference to desired target-
probe interactions. In particular, NFDM, BSA, and casein were employed at various 
concentrations between the probe and target incubations. A PEGylated silane was 
similarly introduced during silanization along with the aminosilane necessary for probe 
attachment. Since many of these agents are proteins that exhibit autofluorescence at the 
excitation wavelength of Cy3, a Cy5-labeled DNA target was employed for these and all 
subsequent experiments. 
Despite these blocking steps, however, initial results with NFDM indicated that 
substantial nonspecific binding continued to obscure measurements. Consequently, the 
stringency of target wash steps was increased to minimize any remaining physisorbed 
species on the surface. To do so, the initial water wash was replaced by a series of SSC 
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washes with added convection from the orbital shaker. Doing so greatly reduced the noise 
in fluorescent images while maintaining relatively high signal. These results were 
attributed to improved removal of nonspecifically-bound Cy5-targets with minimal effect 
on the stronger probe-target interactions. This stringency would later be further increased 
by utilizing higher wash volumes and introducing additional convection by repeated 
pipetting. As before, this increased stringency further reduced the noise with negligible 
detriment to the signal. 
Once the sensor noise had been substantially reduced, other parameters were 
likewise varied in order to boost the signal inherent in the probe-target binding process. In 
particular, SSPE was utilized as an alternative to PBS+ for DNA-DNA hybridization. 
Upon doing so, surfaces exhibited substantially improved fluorescence trends, thereby 
indicating a greater number of binding events. 
After implementing these improvements, each of the aforementioned blocking 
agents was then evaluated for its blocking capabilities. Of these agents, casein proved least 
effective due to low solubility in aqueous solutions (Figure 5). Such poor solubility would 
likely render accurate and reproducible usage difficult, as reflected in the high noise level 
upon agitation. Similarly, the PEG-silane exhibited poor solubility at the tested 
concentration. Unlike casein, this compound was quite effective in reducing noise; 
however, it also reduced the fluorescent signal substantially compared to other methods 
despite being measured at increased gain. Thus, its use was rejected in order to preclude 
the need for significant optimization and avoid compounding existing issues with low 
signal.  
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Figure 5. Comparison of blocking agents at various concentrations on low TCEP 
substrates. 10 mol PEG5000-silane/mol APTMS was employed for PEG+BSA 
measurements. Casein and PEG5000 concentrations were determined without 
accounting for undissolved material and are thus lower than indicated. PMT gains 
were set at 550 for all data except agitated casein and PEG+BSA, which were at 650. 
For NFDM and BSA, n=1. For all others, n=3. Error bars indicate standard 
deviations. Data at 2 and 20 mg/mL are spaced slightly apart for clarity. 
 
 
In contrast, NFDM and BSA both exhibited sufficient noise reduction while 
maintaining adequate signal at various concentrations. Of these, NFDM was initially 
chosen due to its low cost. However, experiments with NFDM on low TCEP substrates 
repeatedly demonstrated poor reproducibility. Thus, BSA at the highest tested 
concentration (20 mg/mL water) was employed as an alternative. 
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Despite these gains, however, the reproducibility of Cy5-target capture remained 
low, as demonstrated by high variations in the fluorescent signal between experiments. 
After significant probe immobilization studies, it was determined that the root cause of 
this phenomenon was actually poor reproducibility of probe attachment. Thus, when 
probes were anchored onto the surfaces by employing high levels of TCEP, the resulting 
sensors exhibited drastic improvements in both fluorescent signal and reproducibility 
upon Cy5-target capture (Figure 6). These results demonstrate the feasibility of Cy5-target 
loading in a quantitative manner, with higher levels of reproducibility likely achievable 
through further optimization. Moreover, very low signal is detected in control wells 
lacking probe, indicating minimal nonspecific binding. Nevertheless, the reproducibility 
between different slides is not as clear; thus, these sensors would likely need to employ 
calibration via an external standard in order to provide precise results. 
This drastic amelioration of fluorescent signal would seem to indicate vastly 
improved probe immobilization, thereby enabling greater capacity for target binding. This 
notion is supported by control results that indicate low background in absence of probe, 
implying a highly specific binding mechanism. Given the inconclusive evidence regarding 
probe immobilization, however, it remains difficult to validate this claim without further 
investigation. 
 
 40 
 
 
Figure 6. Results upon exposure to Cy5-DNA from two replicates using high TCEP 
concentrations. Slides were blocked with 20 mg/mL BSA. Wells without probe were 
used to obtain nonspecific binding results. Error bars indicate standard deviations 
from wells (n ≥ 3). Percentages indicate CV for the combined data set. Note that for 
0 nM data, location on the x-axis is not to scale. Data are spaced slightly apart for 
clarity. 
 
 
5.3 Native Target Capture 
Once sensor slides were preloaded with 1 μM Cy5-target, those slides were 
exposed to the label-free DNA target for two hours. Initial results with low TCEP slides 
were poor, evincing both low signal and high noise compared to previous Cy5 binding 
experiments. To minimize any discrepancies from slow kinetics, slides were incubated 
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with native target overnight in subsequent experiments. The corresponding data 
demonstrated higher fluorescence intensity, substantially reduced noise, and the expected 
decrease in signal (Figure 7), thereby indicating the feasibility of competitive 
hybridization for detection of DNA targets. Nevertheless, these results exhibit only 
qualitative differences between different concentrations; upon further analysis, it is 
difficult to distinguish between each treatment. Moreover, reproducibility between slides 
was still rather poor, and fluorescent intensities in control wells were inconsistent with 
previous Cy5 binding measurements. Multiple experiments with minor procedural 
variations did little to alleviate these concerns. 
 
 
 
Figure 7. Preliminary results upon exposure to label-free DNA. Low TCEP 
concentrations were utilized for immobilization. Slides were blocked with 10 mg/mL 
NFDM. 1000 nM of Cy5-DNA was applied for sensor preloading. Error bars indicate 
standard deviations from wells (n=8). Percentages indicate CV. 
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Similarly, when administration of high TCEP during probe immobilization 
demonstrated vast improvements in Cy5-target binding, the use of high TCEP substrates 
was expected to remedy these continued issues with noise and reproducibility. However, 
when such slides (preloaded with 500 nM of Cy5-target) were exposed to native target 
overnight, they again evinced very low signal levels compared to corresponding Cy5-
target binding curves. Furthermore, noise and reproducibility issues obscured any apparent 
trends within the data. 
To remedy these issues, two methods were employed. First, a slide was exposed 
to lower amounts of native target to ensure that exposure was not exceeding the dynamic 
range of the sensor surface. This ameliorated the overall signal, but did little to improve 
noise (Figure 8). Concurrently, a slide was incubated with 2500 nM of Cy5-target to 
increase the signal, thereby increasing the possible contrast upon native target exposure at 
previous levels. Again, signal was improved, but noise remained high (Figure 9). In both 
cases, fluorescence trends were either not apparent or contrary to expectations. Control 
wells without native target also demonstrated very low signal compared to similar Cy5-
target preloading studies, even at increased scanner gains. 
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Figure 8. Results upon exposure to label-free DNA using high TCEP substrates 
with 500 nM of Cy5-DNA applied for sensor preloading. Wells without probe were 
used to obtain nonspecific binding results. Wells without competitive target were 
used to obtain 500 nM Cy5 control results. For comparison, the average preloading 
intensity at 500 nM was 22.3 ± 3.26 x 103 RFU (Figure 6). Error bars indicate 
standard deviations from wells (n=2). Percentages indicate CV for competitive 
binding. Note that for 0 nM data, location on the x-axis is not to scale. Data are 
spaced slightly apart for clarity. 
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conjecture is true, a simple solution would be to employ less stringent buffers, such as 
PBS, for this second round of target washes in order to minimize premature loss of 
fluorescence. 
 
 
 
 
Figure 9. Results upon exposure to label-free DNA using high TCEP substrates with 
2500 nM of Cy5-DNA applied for sensor preloading. Wells without probe were used 
to obtain nonspecific binding results. Wells without competitive target were used to 
obtain 2500 nM Cy5 control results. For comparison, the average preloading 
intensity at 2500 nM was 24.4 ± 4.02 x 103 RFU (Figure 6). Error bars indicate 
standard deviations from wells (n=2). Percentages indicate CV for competitive 
binding. Note that for 0 nM data, location on the x-axis is not to scale. Data are spaced 
slightly apart for clarity. 
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reflect as high noise levels similar to those in recent results. To remedy this issue, 
competitive targets could be incubated with higher convection (via increased shaker 
speed) and at higher temperatures, thereby facilitating binding and potentially reducing 
the overall noise. However, this second explanation fails to account for the disparity 
between control wells and previous Cy5-target studies, rendering it much less likely. 
A third explanation is that the silanized surface may not be stable upon prolonged 
exposure to aqueous media. Hydrolytic instability is a known drawback of aminosilanes, 
including the APTMS employed in this work.67 If these silanes were to become unbound 
from the surface, they would likely be washed away, along with any bound probes and 
fluorescent targets. Given that the competitive binding process occurs after the surface has 
been exposed to aqueous media for prolonged periods, this phenomenon could explain a 
general loss of fluorescent signal and increased noise reflected in recent data. Precluding 
such issues would likely require use of an alternative silane with higher stability or higher 
control over surface structure via vapor-phase silanization. 
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6. CONCLUSIONS AND FUTURE WORK 
 Overall, this research has demonstrated the feasibility of an aptamer-based sensing 
surface for BPA detection via analogous DNA hybridization interactions. Although probe 
immobilization data has been inconclusive, subsequent fluorescent target studies indicate 
reproducible capture of those targets with minimal background in the absence of probe, 
implying a highly specific interaction characteristic of aptamer probes. Thus, the sensor 
surface has demonstrated quantitative measurements of a Cy5-labelled DNA target at 
various concentrations. A key parameter for this process is the TCEP concentration 
utilized for probe immobilization. Results demonstrated a drastic improvement of both 
fluorescent signal and reproducibility within Cy5-target binding studies upon introducing 
high levels of the reducing agent. Use of a blocking agent was also paramount in 
minimizing fluorescence due to nonspecific binding, with bovine serum albumin chosen 
due to its simplicity of use and demonstrated effectiveness. 
 After exposure to label-free targets at certain conditions, the preloaded sensor 
surface has evinced drastic reduction in fluorescence consistent with competitive binding 
interactions between the labeled and label-free targets. However, this trend lacks 
reproducibility, implying a need for further optimization of the functionalization and target 
exposure processes before consistent, quantitative data can be achieved. 
 To do so, further characterization of the probe immobilization process is key. The 
three primary methods utilized in this work each suffered from various flaws that 
obfuscated subsequent quantification. For example, ellipsometry required the use of an 
alternative silicon substrate and yielded data highly dependent on the chosen optical 
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model. Another technique, XPS, could have allowed reliable quantification of results; 
however, these data may have been obscured by the presence of buffer salts and TCEP. 
Similarly, UV/Vis measurements appeared to have suffered from substantial interference 
from relatively high TCEP concentrations. Given the issues surrounding these techniques, 
a suitable alternative must be chosen for such studies. Use of a fluorescently-labelled 
probe in similar fashion to the Cy5-labelled target is likely the simplest route, with 
quantitative measurement achieved by fluorescent imaging via the microarray scanner. 
Alternatively, radiolabeled DNA probes could be utilized for such a task, with the 
downside of necessitating additional equipment and safety precautions for quantification. 
Either of these techniques could be utilized to validate the immobilization of probes on 
the surface, thereby lending weight to previously described inferences. 
 Once sufficient and reproducible probe immobilization is verified, optimization of 
the competitive binding process would need to occur. In particular, the kinetics of 
competitive binding as well as the washing process would likely need to be tuned to 
promote specific competition while minimizing fluorescence losses via other means. 
 Upon doing so, sensors could then be functionalized with the probe described by 
Jo et al. for BPA detection.19 To achieve the high sensitivity and low-fouling character 
necessary for monitoring BPA in complex biological media, this would likely involve 
functionalization of glass microchannels produced by collaborators. Such a device could 
then be incorporated into a holistic point-of-care device, complete with a handheld 
detector as well as a blood filtration system to provide portability, minimize interference 
from cells, and reduce nonspecific interactions.50 If such research succeeds, it would 
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drastically improve the monitoring of BPA by enabling researchers to assess populations 
in a fast, reliable, and portable means. This enhanced research would in turn translate into 
ameliorated understanding of the consequences of BPA exposure, thereby improving 
safety regulations and ultimately human health outcomes. 
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APPENDIX 
A.1 Buffer Compositions 
 Phosphate buffered saline (PBS) was created by mixing 0.0136 g KH2PO4, 
0.0804 g Na2HPO4∙7(H20), and 0.8775 g NaCl in 100 mL of ultrapure water. To obtain 
PBS+ buffer, 0.1017 g MgCl2∙6(H20) and approximately 1 mL of Tween 20 were also 
added to this solution. The buffer solution was then stirred for several minutes using a 
magnetic stir bar until fully dissolved. Afterwards, pH was monitored using a pH meter 
and adjusted to approximately 7.4 using dilute solutions of NaOH and HCl. The buffer 
solution was stirred after each adjustment to ensure uniform properties. Initially, the 
buffer was then stored at room temperature; however, after repeated issues with 
microbial growth, buffer was instead stored in the refrigerator to prolong shelf life. 
 Similarly, 20x SSPE hybridization buffer was produced by adding 7.012 g NaCl 
and 1.104 g Na2HPO4∙7(H20) to 20.2 mL of 0.05 M EDTA. This solution was then 
brought to 32 mL using ultrapure water. Next, approximately 0.432 g NaOH (2-3 
pellets) were introduced to roughly neutralize the pH. Afterwards, the solution was 
stirred with a magnetic stir bar until fully dissolved. The solution was then adjusted to 
pH 7.4 using dilute NaOH, HCl, and the pH meter. Stirring occurred after each change to 
ensure a homogenous solution. Once complete, the buffer volume was brought to 40 mL 
using ultrapure water and stored in the refrigerator until use. 
 20x SSC buffer was generated by mixing 0.882 g sodium citrate dihydrate and 
1.735 g NaCl in 10 mL of ultrapure water. This solution was stirred using a magnetic stir 
bar, adjusted to pH 7.0, and stored in the refrigerator as with PBS. 
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A.2 Stock Reagent Compositions 
 
 SM(PEG)2 was dissolved in DMSO to create a 250 mM solution. For larger 
quantities, SM(PEG)2 was instead partitioned into aliquots at either 250 or 500 mM. 
Oligonucleotides were purchased from IDT or Eurofins and resuspended according to 
Table A.1. 
 
 
Table A.1. Sequence, manufacturer, modifications, molecular weight, and 
resuspension buffer of various oligos. * indicates an average from both sources. 
 
Name Sequence 
Cy5-Target CCTCATGCCTTCTCCTCCGT 
Native Target CCTCATGCCTTCTCCTCCGT 
Cy5-Probe ACGGAGGAGAAGGCATGAGGGTGTGGCATGCGTTTTTT 
Probe ACGGAGGAGAAGGCATGAGGGTGTGGCATGCGTTTTTTTTTTTTTTTT 
 
Name Manufacturer 5' Mod 3' Mod MW Buffer 
Cy5-Target Eurofins, IDT  Cy5 6690.4 ± 125.5* PBS 
Native Target IDT   5930.9 PBS 
Cy5-Probe Eurofins Cy5 Disulfide 12686.8 PBS+ 
Probe IDT  Disulfide 15196 PBS+ 
 
 
A.3 Fluorescent Image Analysis 
 Fluorescent images obtained from the microarray scanner were analyzed with 
ImageJ software. To do so, images were imported as a TIFF virtual stack. Extraneous 
slices from other fluorescent channels were deleted. These images were adjusted for 
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brightness and contrast using the built-in automatic function. Regions of interest (ROI) 
were then designated in each well. For experiments involving spotted probes, these ROI 
were circular and attempted to capture most of the fluorescent region at the spotting 
location. In the case of whole well functionalization (as occurred in most experiments), 
square ROI were chosen to best represent the square wells. These square ROI were 
adjusted to approximately 75% of the actual well area to avoid edge effects (e.g., the 
“coffee ring” effect and trapping of analytes in well corners). 
 Once ROI were selected, the mean intensities and standard deviations of each 
well were then measured and imported into Excel for further analysis. For statistical 
purposes, these data were considered as populations having an associated mean, standard 
deviation, and population size (ROI area). Overall mean and standard deviation for each 
treatment were then determined by the following equations, 
𝑀𝑒𝑎𝑛 =
Σ𝑛𝑖𝑥𝑖
𝑛
 
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = (
𝑁𝑎
𝑁
𝑦𝑎
2 +
𝑁𝑏
𝑁
𝑦𝑏
2 +
𝑛𝑎𝑛𝑏(𝑥𝑎 − 𝑥𝑏)
2
𝑛𝑁
)
1/2
 
𝑁𝑖 = 𝑛𝑖
2 − 𝑛𝑖 
𝑁 = (𝑛𝑎 + 𝑛𝑏)
2 − 𝑛𝑎 − 𝑛𝑏 
in which 𝑛𝑖 is the number of measurements (i.e., area) in a given well, 𝑥𝑖 is the mean of 
a given well, 𝑛 is the total number of measurements (area) of all wells, and 𝑦𝑖 is the 
standard deviation of a given well. These equations were similarly applied to other 
population-like data sets (e.g., those obtained by ellipsometry). 
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 A.4 Optical Modeling for Ellipsometry 
 To interpret ellipsometry data, two main models were utilized. For most layers, a 
built-in Cauchy Film model was utilized, with results compared to literature values for 
similar compounds. The silicon substrate was likewise accounted for using preexisting 
models. Doing so enabled measurement of the silane and SM(PEG)2 layer thicknesses. 
 For experiments after initial optimization of silanization, a Lorentz model was 
instead employed for characterization of the probe layer thickness. To do so, parameters 
adapted from Elhadj et al were inputted into the built-in Gen-Osc model (Table A.2). 
The underlying SM(PEG)2 layer was set at a constant thickness equal to the average 
thickness from previous measurements on the same set of silicon wafers (6.40 nm). 
 
 
Table A.2. Ellipsometry parameters for determining probe layer thicknesses.40 
Parameter Input 
Amp1 0.5 
Br1 0.184 
En1 4.87 
Einf 2.1 
 
